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In this paper, we present the results of deep inelastic neutron scattering (DINS) measurements on
supercooled water conﬁned within the pores (average pore diameter  20 Å) of a disordered hydrophilic
silica matrix obtained through hydrolysis and polycondensation of the alkoxide precursor Tetra-Methyl-
Ortho-Silicate via the sol-gel method. Experiments were performed at two temperatures (250 K and
210 K, i.e., before and after the putative liquid–liquid transition of supercooled conﬁned water) on a
“wet” sample with hydration h  40% w/w, which is high enough to have water-ﬁlled pores but low
enough to avoid water crystallization. A virtually “dry” sample at h  7% was also investigated to
measure the contribution of the silica matrix to the neutron scattering signal. As is well known, DINS
measurements allow the determination of the mean kinetic energy and the momentum distribution
of the hydrogen atoms in the system and therefore, allow researchers to probe the local structure of
supercooled conﬁned water. The main result obtained is that at 210 K the hydrogen mean kinetic
energy is equal or even slightly higher than at 250 K. This is at odds with the predictions of a semi-
empirical harmonic model recently proposed to describe the temperature dependence of the kinetic
energy of hydrogen in water. This is a new and very interesting result, which suggests that at 210 K,
the water hydrogens experience a stiﬀer intermolecular potential than at 250 K. This is in agreement
with the liquid–liquid transition hypothesis.
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1 Introduction
The dynamics and structure of liquid water continu-
ously attracts attention and raises the interests of re-
searchers. Water is not a simple liquid; many of its phys-
ical properties exhibit anomalous behavior, which is par-
ticularly evident at low temperatures such as in the su-
percooled state. The increase in isothermal compress-
ibility and isobaric speciﬁc heat with decreasing tem-
perature, as well as the increase in the self-diﬀusion co-
eﬃcient with increasing pressure, are among the most
striking anomalies of supercooled water [1, 2]. Various
hypotheses have been proposed to explain the origin of
the above anomalies; perhaps the most interesting (and
*Special Topic: Water and Water Systems (Eds. F. Mallamace, R.
Car, and Limei Xu).
challenging) one is the existence of a second critical point
of water at low temperatures, which was originally pre-
dicted by molecular dynamics simulations of ST2 wa-
ter [3]. A key experimental observation conﬁrming the
liquid–liquid critical point (LLCP) hypothesis is the de-
tection of a so-called fragile-to-strong crossover (FSC)
at 225 K and ambient pressure in the dynamical prop-
erties of supercooled conﬁned water [4–6]. In fact, the
crossover is detected at a temperature separating a pre-
dominantly low density state of liquid (LDL) water at
lower temperatures (with a local structure characterized
by large volume, low entropy, and stiﬀer intermolecular
potential due to a fully developed network of tetrahe-
dral hydrogen bonds), from a predominantly high den-
sity state of liquid (HDL) water at higher temperatures
(with a local structure characterized by smaller volume,
larger entropy, and softer intermolecular potential due
to a distorted, bent, and possibly interpenetrated net-
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work of hydrogen bonds). Although recent experiments
and simulations on bulk water [7, 8], nano-conﬁned water
[5, 9], and on protein hydration water [6, 10–12] support
the above hypothesis, an intense debate regarding this is
still ongoing in literature [13, 14] and the validity of the
hypothesis may be considered an open question. Here,
we report the results of a DINS experiment performed at
250 K and 210 K on supercooled water conﬁned within
the pores of a disordered hydrophilic silica matrix (sil-
ica xerogel). The aim of the experiment is to exploit the
unique possibility oﬀered by the DINS technique of ob-
taining information on the mean kinetic energy and mo-
mentum distribution [15] of the hydrogen atoms of the
system and thereby, to probe the dynamics and the in-
termolecular potential experienced by the supercooled
conﬁned water molecules. The main result obtained is
that, notwithstanding a 40 K temperature decrease, at
210 K (where water should be predominantly in the LDL
state), the hydrogen mean kinetic energy is equal or even
slightly higher than at 250 K (where water should be pre-
dominantly in the HDL state). This suggests that con-
ﬁned water molecules experience a stiﬀer intramolecular
potential at 210 K than at 250 K, which is in agreement
with the liquid–liquid transition hypothesis [16]. Because
conﬁnement within nanometer-sized porous hydrophilic
matrices closely mimics the conﬁnement conditions ex-
perienced by water molecules in crowded biological sys-
tems, we believe that the present results enhance the
understanding of the physical properties of water, and
they may be of relevance to other applied scientiﬁc ﬁelds
such as biophysics, biopreservation, and pharmaceutics.
2 Materials and methods
2.1 Samples
Hydrated silica xerogels were obtained by hydrolysis and
polycondensation of an aqueous suspension of the alkox-
ide precursor Tetra-Methyl-Ortho-Silicate (TMOS) ac-
cording to the sol-gel procedure already described in
previous publications of our group [17, 18]. The follow-
ing protocol was used: an aqueous suspension contain-
ing 75% v/v TMOS (Sigma Aldrich), 22:5% v/v H2O,
and 2:5% v/v HCl 0; 2N was sonicated for 20 min in
an ice bath; immediately after sonication, it was mixed
with H2O in a 1 : 1 proportion (by volume). After care-
ful mixing, the ﬁnal suspension was poured into suit-
able plastic containers and stored at room temperature
to complete the hydrolysis and polycondensation pro-
cesses. Polycondensation is a much slower process com-
pared to hydrolysis under the conditions used in our
study (acid catalysis). The above protocol was adopted
to minimize the number of silanol (SiOH) groups present
on the pore surfaces. Solid transparent samples were ob-
tained with this procedure and were left to age for at
least two months. The sample hydration level h (de-
ﬁned as h = [grH2O]/[grSiO2]) decreases slowly with
time due to excess water evaporation and can be eas-
ily determined by weight measurements. When the de-
sired hydration was reached (in our case h  40%), the
sample was crunched to obtain a ﬁne powder and ac-
curately sealed to avoid further water loss. Hydrated
xerogel powders thus obtained consisted of a disordered,
porous, three-dimensional SiO2 matrix characterized by
a broad pore size distribution with average value of ap-
proximately 20 Å [17]. The pore walls probably had a
small amount of silanol groups left behind by incomplete
condensation. Water is conﬁned within the pores of the
matrix. Two samples with hydration levels of h  40%
and h  7% were investigated in this study. This last
sample was obtained after prolonged vacuum dehydra-
tion at  60C and was used to determine the contribu-
tion of the “dry” silica matrix to the neutron scattering
signal.
2.2 DINS measurements
DINS measurements were performed with the VESU-
VIO instrument at the ISIS spallation neutron source
(Rutherford Appleton Laboratory, UK) with energy
transfer ~! within the range of 1 eV to 65 eV and
wavevector transfer Q within the range of 30 Å 1 to
200 Å 1 [15]. The samples were ﬁrst placed in thin alu-
minum sachets to prevent the powder from falling to the
bottom of the cell, which can result in loss of signal. The
sachets were then contained in 60 mm  60 mm 1 mm
aluminum indium-sealed cells. A standard close cycle
refrigerator was used to control the cell temperature to
within 0:1 K.
2.3 Data analysis
As is well known, the VESUVIO spectrometer collects
neutrons scattered at the various Q values using the time
of ﬂight (tof ) technique [15]. Raw data were corrected for
contributions arising from the gamma-ray background
[19] and from multiple scattering [20] using standard pro-
cedures available at VESUVIO [21]. Moreover, the con-
tributions of aluminum, silicon, and oxygen atoms (that
appear as an unresolved peak, which is well separated
from the hydrogen peak) were also subtracted by a stan-
dard routine to obtain the corrected hydrogen tof spec-
tra. In the next step of the data analysis, the West scal-
ing variable [22] y = M~Q

!   ~Q22M

was introduced and
tof spectra were converted in y space to obtain the exper-
imental response function F (y;Q), which is also called
the hydrogen neutron Compton proﬁle (NCP) [15, 23].
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The experimental NCP for the lth individual detector,
Fl(y;Q), was expressed as the convolution of the proton
response function Jl(y;Q) and the resolution function of
the lth detector Rl(y;Q). For Jl(y;Q), we used a Gram–
Charlier expansion [15] truncated to the ﬁrst non-zero
Hermite coeﬃcient c4 plus a correction term proportional
to the Hermite polynomial H3 with coeﬃcient c1 to take
into account the ﬁnal state eﬀects (FSE) [24]. A global
ﬁt over the entire set of ﬁxed angle spectra (performed
in the range  30 Å 1  y  30 Å 1 using a bin width of
0:5 Å 1) enables to obtain the best values of the parame-
ters , c4, and c1. Finally, from the  values of the global
ﬁt, we obtained the mean kinetic energy of the hydrogen
atoms in our samples as hEKi = 3~222M [15]. The proton
radial momentum distribution is obtained from the NCP
averaged over all the detectors following the method de-
scribed in Ref. [25]. For the wet sample (h = 0:40), data
taken at the two temperatures (210 K and 250 K) were
analyzed separately; for the dry sample (h = 0:07), due
to the much lower signal, data at 210 K and at 250 K
were summed and analyzed using a Gaussian NCP with
FSE correction.
3 Results and discussion
Figure 1 shows the NCP averaged over all the detectors
obtained for the various samples investigated here. Note
that the rather weak signal obtained for the “dry” sample
did not allow separate analysis of the data at 250 K and
210 K. These were further averaged before the analysis
to increase the signal to noise ratio. Therefore, data in
the lower panel of Fig. 1 refer to the dry sample at the
average temperature of approximately 230 K.
The continuous lines in Fig. 1 are the NCP calculated
using the parameter values obtained from the global ﬁt,
as reported in the Materials and Methods section; the
ﬁtting quality is quite good, as shown by the residuals
(green lines in Fig. 1). It is possible to calculate the
momentum distributions n(p) and the radial momen-
tum distributions 4p2n(p) from the parameter values
reported in Table 1 [15]; the values for the latter are
reported in Fig. 2 for the two samples.
It is interesting to compare our results with the pre-
vious results obtained from similar systems [25, 26]. In
Table 1 Parameter values obtained from the global ﬁts,
as reported in the Materials and Methods section.
Sample c1 c4  (Å 1) EK (meV)
Wet; T =210 K 0:010 0:001 0:15 0:02 5:01 0:04 157 3
Wet; T =250 K 0:012 0:001 0:13 0:02 4:98 0:03 156 2
Dry 0:007 0:002 4:33 0:03 118 2
particular, we have no clear evidence of a bimodal proton
radial momentum distribution. This may be either due
to the diﬀerent temperatures used in the experiments, or
more likely due to the very diﬀerent procedures of sam-
ple preparation that, in our case, was carefully tuned
to minimize the presence of silanol groups on the pore
surface of the matrix. Regarding the values of param-
eters  and hEKi, no direct comparisons with previous
results are possible in view of the rather diﬀerent tem-
Fig. 1 Hydrogen NCP for the wet sample at 210 K (a),
at 250 K (b), and for the dry sample (c). Black points with
error bars: Experimental response function, F (y), averaged
over all the detectors. Red continuous lines: Theoretical av-
eraged response functions calculated using the best values of
parameters , c4, and c1 obtained from the global ﬁttings.
Green continuous lines: Residuals.
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Fig. 2 Spherical average of the momentum distribution
of hydrogen atoms in the investigated samples. Continuous
lines: Wet sample at 250 K (red) and 210 K (green); Dashed
black line: Dry sample.
peratures used in the experiments. The most interest-
ing and intriguing result obtained in the present study
concerns the temperature dependencies of parameters 
and hEKi. In fact, data in Table 1 show that for the
wet sample, no substantial diﬀerence in the mean ki-
netic energy of the hydrogen atoms of conﬁned water
is observed at the two temperatures, notwithstanding a
40 K temperature variation. To better understand the
signiﬁcance of this result, it is worth comparing it with
the predictions of a semi-empirical model recently pro-
posed in literature [27, 28] to describe the temperature
dependence of the kinetic energy of hydrogen in water.
The model uses harmonic approximation and assumes
decoupling between translation, rotation-libration, and
internal vibrations of the water molecules. Because the
water in our samples is conﬁned, we neglected the contri-
butions of free translation and rotation and considered
only the contributions arising from low frequency col-
lective vibrations and librations and from the stretching
and bending normal modes of the H2O molecule. We
used the following expression based on the approach of
Ref. [27]:
EK = 3
Z max
0
g()
"
h
2
 
1
e hkBT   1
+
1
2
!#
d
+
3X
j=1
Sj
hj
2
 
1
e
hj
kBT   1
+
1
2
!
: (1)
The contributions of low frequency vibrations/
librations are contained in the normalized distribution
g(); Sj are the fractions of the kinetic energy share of
the H-atom in each of the three normal modes and their
values were taken from Ref. [27]; the sum in Eq. (1)
is calculated over the three normal modes of the wa-
ter molecule. We used the vibrational frequencies of
3280 cm 1, 3490 cm 1, and 1645 cm 1 for symmetric
stretching, asymmetric stretching, and bending, respec-
tively. These values are in substantial agreement with
the frequency values reported by Mallamace and cowork-
ers [29, 30] for water conﬁned in MCM -41 silica matrix
and for the hydration water of lysozyme. For the dis-
tribution g(), we used the vibrational density of states
of the same system measured at 257 K by Cupane et
al. [31]. A comparison between our data and the model
data is reported in Fig. 3. Considering the assumptions
and approximations made in the calculations, the very
good agreement at 250 K may be considered as some-
what fortuitous. Figure 3 clearly shows that a decrease
in mean kinetic energy of water hydrogen with decreas-
ing temperature is expected, which is contrary to what is
actually observed; in fact, the experiment shows that at
210 K the mean kinetic energy is equal or even slightly
higher than at 250 K.
This suggests that at 210 K the water hydrogens expe-
rience a stiﬀer intermolecular potential than at 250 K, in
agreement with the putative LDL! HDL crossover oc-
curring at approximately 225 K in supercooled conﬁned
water. Note that the LDL! HDL crossover has been
shown to inﬂuence the collective vibrational dynamics of
conﬁned water, as evidenced by the temperature [31, 32]
and pressure [33] dependence of the boson peak (BP)
measured with inelastic neutron scattering. The decrease
in the hydrogen mean kinetic energy between 210 K and
250 K reported in this paper is in overall agreement with
the “disappearance” of the BP (more speciﬁcally: the in-
ﬂection point in the temperature dependence of the BP
intensity) at 225 K in conﬁned water.
Although the results of this study are new and stim-
ulating, they still need to be considered as preliminary.
Fig. 3 Points (red points): Hydrogen mean kinetic en-
ergy as derived from the experimentally determined  val-
ues. Continuous line: Temperature dependence of the hydro-
gen mean kinetic energy in water as predicted by the semi-
empirical harmonic model described in the text.
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Further experiments are needed to draw more deﬁnitive
conclusions; in particular, the full temperature depen-
dence of the hydrogen mean kinetic energy in the range
of 180   290 K should be measured. Such experiments
are currently being planned [34].
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